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Abstract

Dysregulated signaling cascades alter energy metabolism and promote cell proliferation
and cyst expansion in polycystic kidney disease (PKD). Here we tested whether metabolic
reprogramming towards aerobic glycolysis (“Warburg effect”) plays a pathogenic role in
male heterozygous Han:SPRD rats (Cy/+), a chronic progressive model of PKD. Using
microarray analysis and qPCR, we found an upregulation of genes involved in glycolysis
(Hk1, Hk2, Ldha) and a downregulation of genes involved in gluconeogenesis (G6pc, Lbp1)
in cystic kidneys of Cy/+ rats compared with wild-type (+/+) rats. We then tested the effect of
inhibiting glycolysis with 2-deoxyglucose (2DG) on renal functional loss and cyst progres-
sion in 5-week-old male Cy/+ rats. Treatment with 2DG (500 mg/kg/day) for 5 weeks
resulted in significantly lower kidney weights (-27%) and 2-kidney/total-body-weight ratios
(-20%) and decreased renal cyst index (-48%) compared with vehicle treatment. Cy/+ rats
treated with 2DG also showed higher clearances of creatinine (1.98+0.67 vs 1.41+0.37 ml/
min), BUN (0.69+0.26 vs 0.40%0.10 ml/min) and uric acid (0.38+0.20 vs 0.21+0.10 ml/min),
and reduced albuminuria. Immunoblotting analysis of kidney tissues harvested from 2DG-
treated Cy/+ rats showed increased phosphorylation of AMPK-q, a negative regulator of
mTOR, and restoration of ERK signaling. Assessment of Ki-67 staining indicated that 2DG
limits cyst progression through inhibition of epithelial cell proliferation. Taken together, our
results show that targeting the glycolytic pathway may represent a promising therapeutic
strategy to control cyst growth in PKD.

Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is the most common genetic renal
disease, characterized by progressive development of innumerable cysts in both kidneys. The
development and relentless growth of cysts lead to kidney enlargement and compression of
renal parenchyma, leading to subsequent loss of renal function [1,2]. Recent studies have indi-
cated that various signaling cascades are dysregulated in ADPKD, including activation of
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mTOR and downregulation of AMPK signaling, and enhanced vasopressin-mediated cAMP
and ERK signaling [3,4,5,6]. Favourable results from several clinical trials targeting these path-
ways have led to the development of therapeutic concepts for ADPKD, yet treatment is not
available for the majority of patients [7].

A promising strategy to achieve therapeutic selectivity and efficacy in ADPKD is to take
advantage of the fundamental difference between cyst epithelial cells and normal epithelial
cells in their energy metabolism. A recent study by Rowe et al. has shown that glycolysis was
enhanced in a mouse model of ADPKD and also in kidney tissues from patients with ADPKD
[8]. Metabolomic profiling of extracellular medium of embryonic fibroblast cultures derived
from Pkd1”" and Pkd1™* mice indicated increased glucose uptake and lactate production and
enhanced glycolytic enzyme gene expression in the mutant cells [8]. Using 2-deoxyglucose
(2D@), an analog of glucose that blocks glycolysis, they found that cyst growth could be inhib-
ited in rapidly progressing mouse models of polycystic kidney disease (PKD). Although the
tested models did not allow for assessment of renal function, the data suggested that targeting
glycolysis might represent a novel therapeutic strategy in ADPKD.

The purpose of the present study was to extend the above observations and to examine
whether 2DG could be used in a chronic progressive rat model of PKD. Here we show that cys-
tic kidneys in Han:SPRD rats display metabolic reprogramming in the sense of a ‘Warburg
effect’ and that 2DG improved renal functional loss and cyst progression through normaliza-
tion of intracellular signaling pathways.

Methods
Animals

The Han:SPRD rat colony was established in our animal facility from a litter which was
obtained from the Rat Resource and Research Center (Columbia, MO, USA). Heterozygous
cystic (Cy/+) and wild type normal (+/+) rats were used in this study. Han:SPRD rats carry a
missense mutation in Anks6 (also called Pkdr1), leading to an R823W substitution in SamCys-
tin, a protein that contains ankyrin repeats and a sterile alpha motif (SAM) [9]. Han:SPRD Cy/
+ rats develop a slowly progressing form of PKD which resembles phenotypically human
ADPKD [10]. Only male rats were used in this study since cysts develop more rapidly in male
compared with female rats [11]. The protocol has been approved by the committee on the Eth-
ics of Animals Experiments at the University of Zurich (Licence Number: 174-2013). Rats had
free access to tap water and standard rat diet.

Genechip expression analysis

Affymetrix GeneChip®™ rat genome 230 2.0 arrays were used according to the manufacturer's
instructions (Affymetrix Inc., Santa Clara, CA, USA). Briefly, 5 pg of total RNA from 5-week old
Cy/+ and +/+ rat kidneys was used as starting material to generate biotin-labeled cRNA samples,
which includes cDNA synthesis using oligo-dT/T7 primers, followed by in vitro transcription
(one-cycle labeling protocol). Labeled cRNA samples (15 pg) were randomly fragmented to 35-
200 bp and hybridized on arrays for 16 h. After washing the arrays the fluorescent intensity emit-
ted by the labeled targets was measured by an Affymetrix GeneChip® Scanner 3000. Finally, the
hybridization images were analyzed using Affymetrix GCOS 1.2 software.

Reverse transcription and real-time PCR

RT-PCR analyses were performed as described previously [12,13]. Total RNA was reverse-
transcribed and PCR was carried out using SYBR™ Green JumpStart Taq ReadyMix (Sigma-
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Aldrich, St Louis, MO, USA). Real-time PCR analyses were performed with the ABI PRISM
7500 Sequence Detection System (Applied Biosystems, Rotkreuz, Switzerland), according to
the instructions of Applied Biosystems. The expression levels of B-actin were used as a house-
keeping gene. Relative quantification of all targets was calculated by the comparative cycle
threshold method outlined by the manufacturer (User Bulletin No. 2; Applied Biosystems,
Rotkreuz, Switzerland).

Experimental protocol

Male Cy/+ and +/+ rats were weaned and then treated at 5 weeks of age with 500 mg/kg/day
2DG (Cy/+: n = 10; +/+: n = 10) or vehicle NaCl (Cy/+: n = 10; +/+: n = 10) by daily subcutane-
ous injection for 5 weeks throughout the treatment phase. The dose of 2DG or vehicle was
adjusted daily to the body weight of the rats. For blood collection, rats were anesthetized with
inhalation of 1.5-3.5% isoflurane. Metabolic cages were used to collect 24-hour urine samples
and to monitor food and fluid intake. Rats were acclimatized to the metabolic cage for an hour
every day for three consecutive days prior to the actual metabolic cage experiment. All animals
were sacrificed at week 10 by CO, euthanasia.

Blood and urine chemistries

Plasma and 24-hour urines were collected from rats at week 5, 7.5 and 10 and aliquots were
rapidly frozen and stored at -80°C until measurement. Glucose, sodium, chloride, creatinine,
blood urea nitrogen (BUN) and uric acid concentrations were determined in plasma and urine
using a Cobas 8000 Modular Analyzer from Roche Diagnostics AG (Rotkreuz, Switzerland).
Plasma and urine osmolality were measured by using an Advanced Osmometer Model 2020
(Advanced Instruments Inc., Norwood, MA, USA). Urinary albumin concentration was deter-
mined using a rat albumin ELISA kit (Genway, San Diego, CA, USA), as previously described
[14]. Albuminuria was expressed as total urinary albumin excretion over 24-hour. Urine pro-
teins were also analyzed by non-reducing SDS-PAGE and Coomassie blue staining.

Tissue processing, periodic acid-Schiff staining, and cyst index
measurement

At the age of 10 weeks, all rats were sacrificed and kidneys were excised, decapsulated and
weighed. For histological examination, one of the kidneys from each animal was sliced perpen-
dicularly to the long axis at approximately 2 mm intervals. Slices from the midportion of the
kidneys were fixed in 4% buffered formalin and submitted to subsequent paraftin embedding.
Serial sections of 3 pm thickness per paraffin block were cut and stained with periodic acid-
Schiff (PAS) following a routine protocol. The stained sections were subjected to cyst index
analysis, using the HistoQuest image analysis software (TissueGnostics, Vienna, Austria) to
determine the cyst area (CA) and the total area (T'A). The cyst index was calculated as CA/
TA*100.

Immunohistochemical detection of proliferation

Immunohistochemistry for Ki67 was performed on 3-pm tissue sections. In brief, the tissue
sections were deparaffinized and rehydrated. The antigen retrieval was performed in an auto-
clave oven. Primary mouse anti-Ki67 antibody (BD Pharmingen, San Jose, CA, USA) and bioti-
nylated secondary antibody (Vector, Los Angeles, CA, USA) were used. This was followed by
the application of the ABC reagent, using 3,3’-diaminobenzidine with metal enhancement as
the detection reagent. The stained sections were subjected to analysis using the HistoQuest
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image analysis software (TissueGnostics, Vienna, Austria) to quantify the number of Ki67-po-
sitive nuclei over the total area of the kidney section.

Primary TEC cultures

Primary cultures of renal tubular epithelial cells (TECs) from 10-week-old +/+ and Cy/+ kid-
neys were prepared by mincing the kidneys and digesting the tissues with 1 mg/ml collagenase
with gentle agitation for 1 h at 37°C. The suspension was allowed to sediment for 1 min. Cells
were collected by harvesting the supernatant twice, and were then washed three times with
10% fetal bovine serum (FBS)/Hanks balanced salt solution. Isolated cells were resuspended in
K1 medium (1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 medium
supplemented with 5% FBS, 10 mmol/l HEPES, 42 mmol/l sodium bicarbonate, 50 ng/ml insu-
lin, 50 nmol/l hydrocortisone, 50 ng/ml transferrin, 5 pmol/l triiodothyronine, 20 ng/ml rat
EGF, 100 IU/ml penicillin, and 100 ug/ml streptomycin). Cells were then seeded in collagen
type 1-precoated culture dishes and grown to confluence. The medium was changed to a K1
medium with 0.5% FBS for 24 h, and the cells were then incubated with 2DG at various con-
centrations for 24 h. Cell viability was assessed by MTS assay following standard protocols.

Normal human kidney epithelial cells (NHK) were obtained from ATCC (ATCC®™ PCS-
400-010™, Manassas, VA, USA). ADPKD cells were prepared from nephrectomy material as
previously described [15], after obtaining ethical approval from the ethics committee of the
canton of Zurich, Switzerland, and informed oral consent. The culture conditions for ADPKD
and NHK cells were similar to that of rat primary renal tubular epithelial cells.

Western blotting analysis

Snap frozen kidney tissue was homogenized and tissue lysates or cell culture lysates were
resolved by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes,
and probed with primary antibodies. Mouse anti-Phospho-p70-S6K (Thr389), rabbit anti-
p70-S6K mouse anti-Phospho-Erk1/2 (Thr202/Tyr24), rabbit anti-Erk1/2, rabbit anti-Phos-
pho-AMPKoa (Thr172), mouse-anti-Phospho- Akt (Ser473), rabbit anti- Akt and anti-caspase-3
antibodies were obtained from Cell signaling Technology, Beverly, MA, USA. Mouse anti-
AMPKo was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-mouse
and anti-rabbit secondary antibodies were purchased from Licor Biosciences (Lincoln,
Nebraska, USA).

ATP and lactate quantification

Intracellular ATP was quantified by luciferase activity according to the standard protocol in
the ATP Determination kit (Invitrogen, Life Technologies, Zug, Switzerland). The concentra-
tion of lactate in cell culture supernatants and in kidney tissue from Han:SPRD rats was mea-
sured using the EnzyChrom L-lactate Assay Kit (BioAssay Systems, Hayward, USA), according
to the manufacturer’s instructions.

In vitro BrdU Proliferation Assay

In vitro proliferation of primary TEC was analyzed with the colorimetric cell proliferation
BrdU assay kit (Roche Applied Science, Indianapolis, USA) according to the manufacturer’s
instruction. Briefly, cells were cultured in 96-well plates with or without 2DG. After 48 hours,
cells were labeled using 10 uM BrdU per well and re-incubated overnight at 37°C in a humidi-
fied atmosphere. The next day, the culture media was removed, the cells were fixed, and the
DNA was denatured in one step by adding FixDenat solution. Cells were incubated with anti-
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BrdU-POD antibody, washed and the substrate solution was added. The reaction product was
quantified by measuring the absorbance using a spectrophotometer at 370 nm with a reference
wavelength of 492 nm.

In vitro Cell Apoptosis Assay

Cells were cultured in 6-well plates with or without 2DG at a concentration of 1, 5, and 10 mM.
After 24 hours, cells were collected following detachment with trypsin, resuspended in 140
mM NacCl, 10 mM HEPES, and 2.5 mM CaCl, and incubated with annexin V-FITC (Roche
Diagnostics, Basel, Switzerland) for 30 minutes at room temperature according to the manufac-
turer’s instructions. Flow cytometric analyses were performed using a BD-FACScan flow
cytometer (BD Biosciences, San Jose, CA, USA). Data were analyzed using FlowJo software
(Treestar Inc., Ashland, OR, USA.).

Statistical analyses

All data are expressed as means + SEM unless otherwise stated. Statistical analyses were per-
formed using Student’s-¢-test and ANOVA with Dunnett post-hoc test for multiple comparison
analysis using GraphPad Prism version 5.0 (Graph Pad Inc., San Diego, CA, USA). A value of
P <0.05 was considered as statistically significant.

Results

Increased glycolysis and decreased gluconeogenesis in polycystic
kidney disease

First we performed microarray gene expression analysis on mRNA transcripts from kidney tis-
sues from Han:SPRD Cy/+ and wild-type +/+ male rats to examine the glycolysis and the glu-
coneogenesis pathways of glucose metabolism. The microarray results are available online
(accession number GSE75578) at the NCBI Gene Expression Omnibus (GEO). The mRNA lev-
els of several genes involved in the glycolysis pathway were upregulated, whereas transcript lev-
els of genes encoding for enzymes in gluconeogenesis were significantly donwregulated (Fig 1A
and 1B). This observation was confirmed by quantitative real-time PCR analysis which demon-
strated upregulation of key genes involved in the glycolysis pathway (Hk1, Hk2, Ldha) and
downregulation of key genes involved in the gluconeogenesis pathway (Fbp1, Fbp2, G6pc) in
the kidney tissues of Cy/+ rats versus +/+ rats (Fig 1C). Furthermore, upregulation of HkI and
Hk2 genes was also observed in primary cell cultures of human ADPKD as compared to con-
trol primary cultures of normal human kidney (NHK) epithelial cells (Fig 1D).

To extend these observations we measured the intracellular ATP levels and the production
of lactate in vitro using primary cell cultures of tubular epithelial cells isolated from kidneys of
Cy/+ versus +/+ rats. The intracellular ATP levels were significantly increased in the Cy/+ cell
cultures as compared to +/+ cell cultures, and were decreased upon incubation of Cy/+ cells
with 2DG (Fig 2A). Furthermore, the lactate content in the cell culture media was higher in
Cy/+ cell cultures in comparison to +/+ cell cultures, and was also decreased upon incubation
of Cy/+ cells with 2DG (Fig 2B). No significant changes in the intracellular ATP levels or lac-
tate content in the cell culture media were observed when +/+ cells were incubated with 2DG
(Fig 2A and 2B). Similar observations were obtained in the primary cell cultures of human
ADPKD and NHK cells; intracellular ATP levels and lactate in the cellular medium were higher
in ADPKD cells as compared to NHK cells, and the levels were diminished upon incubation of
ADPKD cells with 2DG (Fig 2D and 2E).
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Fig 1. Dysregulation of the glycolysis and gluconeogenesis pathways in rat polycystic kidney disease. (A) Microarray analysis showing differential
expression of genes coding for glycolysis and gluconeogenesis enzymes in Han:SPRD Cy/+ and wild-type +/+ kidneys. Upregulated genes are shown in red,
and downregulated genes are shown in green. (B) Schematic diagram showing the glycolysis/gluconeogenesis cascades. In red, upregulated genes; green,
downregulated genes; black, genes unchanged in kidneys from Cy/+ rats compared with wild-type +/+ kidneys. (C) Real-time quantitative PCR analysis of
genes coding for key enzymes involved in glycolysis/gluconeogenesis in kidneys from Cy/+ rats and +/+ rats. (D) Real-time quantitative PCR analysis of the
hexokinase-1 (Hk1) and hexokinase-2 (Hk2) genes in primary cell cultures of human ADPKD and control NHK cells. The expression levels of B-actin were

used as a housekeeping gene.
doi:10.1371/journal.pone.0146654.g001
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To analyze the effect of 2DG on cell proliferation and apoptosis we incubated primary renal
tubular epithelial cells from Cy/+ rats with increasing concentrations of 2DG and found
reduced cellular growth, as measured by the MTS assay (ICsq = 5.1 mM, Fig 2C). We also eval-
uated the effect of 2DG on cell proliferation and apoptosis of primary cultures of human
ADPKD cells and control NHK cells. Incubation with 2DG limited cell proliferation (BrdU
assay) and increased apoptosis (annexin-V staining) of primary human ADPKD cells in con-
centration-dependent manner (Fig 2F and 2G). Of note, the effects of 2DG on cell proliferation
and apoptosis were more pronounced on ADPKD cells than on NHK cells, indicating a thera-
peutic potential of 2DG in human ADPKD (Fig 2F and 2G).

In vivo effect of 2DG treatment

Effect of 2DG treatment on kidney weight and morphology. To assess the in vivo effect
of glycolysis inhibition on cyst development and disease progression, we examined the effects
of 2DG treatment in Han:SPRD Cy/+ and +/+ control rats. Rats were treated with 500 mg/kg/
day 2DG or vehicle NaCl daily for 5 weeks. Based on the human equivalent dose [16], the
amount of 2DG administered is equivalent to approximately 81 mg/kg/day in human. A previ-
ous study has reported 63 mg/kg/day to be the clinically tolerable dose for human clinical trials,
with reversible side effects observed at a dose range of 63-88 mg/kg/day [17]. The dose used in
the current proof-of-concept study should therefore not lead to any significant irreversible
adverse effects.

The 5-week treatment with 2DG was generally well tolerated in both animal groups. Side
effects included lower body weight and mildly increased diuresis in 2DG-treated Cy/+ and
+/+ rats. There were no significant changes in the plasma Na™ and Cl7, and no difference in
plasma glucose levels between 2DG- and vehicle-treated Cy/+ and +/+ rats. At the end of the
5-week treatment phase, the total weight of both kidneys was significantly lower in 2DG-
treated Cy/+ rats in comparison with vehicle-treated Cy/+ rats (-27.2%, P<0.001; Table 1). The
2-kidneys/body weight ratio was also lower upon 2DG treatment in Cy/+ rats as compared to
vehicle treatment (-20.4%, P<0.01; Table 1, Fig 3A and 3B).

Table 1. Effect of 2DG treatment on kidney and body weight.

++ Cy/+
Baseline Week 2.5 Week 5 Baseline Week 2.5 Week 5
Vehicle 2DG Vehicle 2DG Vehicle 2DG Vehicle 2DG
Number of 20 10 10 10 10 20 10 10 10 10
animals (n)
Age (in weeks) 5 7.5 7.5 10 10 7.5 7.5 10 10
Body Weight (g) 161.4 284.7 266.8 339.2 328 167.4 290.1 263.1 345.0 317.1%
(17.5) (17.9) (25.5) (28.2) (24.6) (20.0) (33.2) (25.3) (31.5) (26.0)
Total kidney 2.38 2.35 8.67 6.31%**
weight (g) (2.66) (1.75) (1.46) (1.14)
%TKW/BW 0.70 0.72 2.50 1.99%*
(0.06) (0.04) (0.29) (0.30)

Data are presented as means and standard deviations (in parentheses).

*P<0.05,
**P<0.01,

***P<0.001 when comparing 2DG- versus vehicle-treated groups at each time point. TKW/BW, total kidney weight divided by body weight.

doi:10.1371/journal.pone.0146654.t001
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Fig 3. Effect of 2DG treatment on kidney weight and morphology in Han:SPRD Cy/+ rats. (A) Representative images of periodic acid-Schiff staining of
kidneys from 10 week old +/+ and Cy/+ rats after 5-week treatment with 2DG or vehicle. (B) Ratio of total kidney weight (TKW) to body weight (BW) in 10
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doi:10.1371/journal.pone.0146654.9003

Histomorphological examination of the kidney sections showed that vehicle-treated Cy/
+ rats had enlarged kidneys with multiple cysts which were not present in +/+ rats, as expected
(Fig 3A). Treatment with 2DG resulted in a reduced size of the kidneys and reduced cyst sizes
in Cy/+ rats compared with vehicle treatment (Fig 3A). Furthermore, quantification of the
number of cysts on periodic acid Schift-stained sections showed a significant reduction of the
cyst index in 2DG-treated Cy/+ rats as compared to vehicle treatment (Fig 3C). Frequency dis-
tribution analysis of the cyst size showed that treatment with 2DG led to a shift in the size pro-
file of the cysts (Fig 3D). The total number of cysts was similar in 2DG- and vehicle-treated
rats (Fig 3E), suggesting that 2DG treatment affected cyst growth rather than cyst development
in Cy/+ rats.

Effect of 2DG treatment on renal function. We then evaluated the effects of 2DG treat-
ment on the parameters of renal function. Cy/+ rats developed significant impairment of renal
function as compared to +/+ rats (Fig 4A, 4B and 4C). Following treatment with 2DG, Cy/
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+ rats had lower plasma creatinine levels as compared to vehicle treatment, with significantly
higher clearances for creatinine (Fig 4A), BUN (Fig 4B) and uric acid (Fig 4C). Furthermore,
the albumin excretion following treatment with 2DG was significantly lower as compared to
vehicle-treated Cy/+ rats (Fig 4D and 4E). Lactate content in the kidneys of vehicle-treated Cy/
+ rats were significantly higher than in vehicle-treated +/+ rats (Fig 4F). Treatment with 2DG
reduced the level of lactate in the kidneys of Cy/+ rats when compared to vehicle treatment
(Fig 4F).

Effect of 2DG treatment on cell proliferation and apoptosis. To examine whether 2DG
reduces cyst epithelial cell proliferation we stained kidney sections for Ki67 and found a
marked reduction in Ki67-positive nuclei in the tubular epithelium of Cy/+ kidneys as com-
pared to vehicle treatment (Fig 5A and 5B). We also tested for apoptosis, examining active cas-
pase-3 expression by Western blot analysis of kidney tissues from the Cy/+ rats. We found no
difference in the level of active caspase-3 expression after treatment with 2DG as compared to
vehicle treatment (Fig 5C). These data suggest that 2DG limits cyst growth in Cy/+ rats by
inhibiting cell proliferation rather than by promoting apoptosis in the cystic epithelium.

Effect of 2DG treatment on cellular signaling pathways. To further characterize the
mechanisms of the increased glycolysis observed in Han:SPRD rats, we assessed the effect of
2DG on important signaling pathways that have previously been shown to be dysregulated in
ADPKD. First, we examined the effect of 2DG on the phosphorylation of AMPK-a, an impor-
tant negative regulator of mTOR, which has been shown to be reduced in PKD.
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Phosphorylation of AMPK-o was reduced in the kidney lysate from Cy/+ rats as compared to
+/+ rats. Treatment with 2DG significantly increased AMPK-o. phosphorylation in the kidneys
of Cy/+ rats (Fig 6A). Next, we studied the effect of 2DG on the phosphorylation of two key
kinases previously known to be activated in PKD, i.e. extracellular signal-regulated kinase
(ERK; mitogen-activated protein kinase [MAPK] pathway) and p70 S6K (mTOR pathway). As
shown in Fig 6B and 6C, phosphorylation of both ERK and p70 S6K were increased in the kid-
ney of Cy/+ rats as compared to +/+ rats. Treatment with 2DG led to a significant reduction in
the phosphorylation of ERK (Fig 6B), but there was no effect on the phosphorylation of p70
S6K (Fig 6C). Interestingly, 2DG treatment led to increased Akt phosphorylation (Fig 6D),
which may likely explain the lack of an observable effect on p70 S6K as activation of Akt is
known to counteract the effect of increased AMPK phosphorylation on p70 S6K activation.
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Previous studies have shown that activation of mTOR signaling is connected to enhanced
glycolysis [18]. We therefore examined the effect of direct mTOR inhibition on the enhanced
glycolysis which we observed in primary human cell cultures of ADPKD cells. Treatment with
the mTOR inhibitor rapamycin (50 nM) reduced the enhanced mRNA expression of glycolytic
genes (HkI, Hk2, Pkm2) in ADPKD cells and also reduced the enhanced levels of lactate in the
cell culture medium (Fig 7A-7D). In line with this, the expression of glycolytic genes and lac-
tate production was also inhibited with the AMPK agonist metformin (2 mM), further empha-
sizing the importance of mTOR in glycolysis regulation (Fig 7A-7D).

Discussion

In the present study we show that Han:SPRD Cy/+ rats display increased transcript levels for
glycolysis enzymes and decreased transcript levels for gluconeogenesis enzymes in the kidney.
Lactate and ATP levels were also increased in the kidneys and in TEC cultures of Cy/+ rats
compared to wild type +/+ kidneys. Similar findings were obtained in cultured TEC derived
from patients with ADPKD. Importantly, administration of 2DG, a glycolytic inhibitor,
retarded cyst progression, improved renal function in Han:SPRD Cy/+ rats and was associated
with reduced intrarenal lactate levels and normalization of altered signaling pathways. Taken
together our data suggest that in PKD there is metabolic reprogramming towards enhanced
aerobic glycolysis, a phenomenon which is known as the Warburg effect, after its discoverer
Otto Warburg.

Recently, Rowe et al. reported that mutation of PkdI results in enhanced glycolysis in a
mouse model of PKD and in kidneys from patients with ADPKD [8,19]. Metabolomic profiling
of the cell culture medium of PkdI-deficient mouse embryonic fibroblasts showed increased
glucose uptake and lactate production. The authors also found that treatment with 2DG
delayed cyst growth in two rapidly progressive mouse models of PKD. However, the duration
of the treatment with 2DG was extremely short (2 days), which does not account for the slowly
progressive nature of the disease. In addition, the effect of 2DG on renal function could not be
assessed due to the rapidly progressive nature of the models. More recently, Chiaravalli et al.
used an orthologous and slowly progressive murine PKD model created by inducible inactiva-
tion of the Pkd1 gene postnatally and found that 2DG also had beneficial effects on cyst growth
at a lower dose (100 mg/kg for 5 days per week for 2 months) [20].

Increased glycolysis has been previously reported in proliferating cells which require altered
metabolism to efficiently incorporate nutrients such as glucose into biomass. Cancer cells, for
instance, primarily metabolize glucose by glycolysis, whereas most normal cells completely
catabolize glucose by oxidative phosphorylation [21]. This shift to aerobic glycolysis with
increased lactate production, coupled with increased glucose uptake, is likely used by prolifer-
ating cells to promote the efficient conversion of glucose into the macromolecules needed to
construct a new cell [22].

It has been shown that the Warburg effect is associated with defective mitochondrial respi-
ration in the context of a hypoxic environment [23]. Similar to cancer cells, cyst epithelial cells
in polycystic kidney disease are exposed to hypoxia and display mitochondrial dysfunction
[24,25,26,27]. Furthermore it has been shown that cyst epithelial cells display a high rate of
apoptosis, a process which is tightly regulated at the level of mitochondria [28]. Increased apo-
ptosis in polycystic Han:SPRD rat kidneys was shown to be due to the activation of caspase-3
and dysregulation of the balance between pro- and anti-apoptotic Bcl-2 family members, spe-
cifically a down-regulation of anti-apoptotic Bcl-XL [29]. Zamzami et al. have shown that apo-
ptosis is closely related to mitochondrial impairment [30]. There is also a high level of
mitochondrial DNA (mtDNA) damage in apoptotic cells [31]. It is therefore conceivable that
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damage to the mtDNA would cause malfunction in the respiratory chain in PKD, forcing the
cyst epithelial cells to use the aerobic glycolysis pathway to generate ATP.

The glucose analog 2-deoxyglucose (2DG) acts as a competitive inhibitor of glucose metabo-
lism.[32] Upon transport into the cells, 2DG is phosphorylated by hexokinase to 2DG-P. How-
ever, unlike G-6-P, 2DG-P cannot be further metabolized by phosphohexose isomerase, which
converts G-6-P to fructose-6-phosphate [33]. Thus 2DG-P is trapped and accumulates in the
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cells, leading to inhibition of glycolysis mainly at the step of phosphorylation of glucose by
hexokinase. Inhibition of this rate-limiting step by 2DG causes a depletion of cellular ATP,
leading to blockage of cell cycle progression and cell death in vitro [34]. The anti-tumor effect
of 2DG has been well characterized in animal models and human clinical trials [35,36,37]. The
feasibility of using a glycolytic inhibitor in a defined and progressive rat model of PKD has not
been tested yet. In the current study, we investigated the therapeutic potential of 2-deoxyglu-
cose (2DG) in Han:SPRD Cy/+ rats, a well-known animal model of PKD which develop slowly
progressing renal cysts resembling human ADPKD.

A major complication of polycystic kidney disease is the deterioration of renal function.
Glomerular filtration rate (GFR) significantly decreases towards the later stage of the disease,
requiring the patients to initiate renal replacement therapy. Delaying the loss of renal function
has therefore been a major therapeutic aim in PKD. In our study we show for the first time that
2DG improved different parameters of renal function (clearances for creatinine, BUN and uric
acid). 2DG also ameliorated albuminuria, a common biomarker of altered and progressively
deteriorating renal function in PKD. Taken together our data suggest that 2DG or related mol-
ecules may have a beneficial therapeutic potential for patients with ADPKD.

Interestingly, we observed that either direct inhibition of mTOR signaling using rapamycin
or indirect inhibition using the AMPK agonist metformin reversed the glycolytic phenotype in
ADPKD cells in vitro. Furthermore, we found that phosphorylation of ERK1/2 was signifi-
cantly reduced in Cy/+ upon treatment with 2DG, which likely explains the observed effect of
2DG on cell proliferation. Interestingly, treatment of 2DG did not affect the phosphorylation
status of S6K which is highly enhanced in Cy/+ kidneys as compared to wild-type rats. This
could be explained by 2DG-mediated activation of the survival signal PI3K/Akt pathway,
which counteracts the effect of 2DG via ERK and AMPK. As previously described, mTOR
functions as a central node in a complex net of signaling pathways; it integrates signals from
the Akt, ERK, and AMPK pathways and plays an important role in regulating protein biosyn-
thesis, cellular growth, and proliferation [38,39]. Fig 8 summarizes the various signaling
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Fig 8. Schematic diagram showing the interplay of various signaling pathways involved in the regulation of glycolysis in polycystic kidney

disease.

doi:10.1371/journal.pone.0146654.9008
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pathways involved in the regulation of glycolysis in ADPKD that have been investigated in this
study.

Taken together, our results show that the cystic kidneys of Han:SPRD Cy/+ rats display

enhanced aerobic glycolysis which likely plays an important role in the pathogenesis of PKD.
The administration of 2DG, a potent glycolytic inhibitor, markedly delayed the loss of renal
function and retarded cyst development Han:SPRD Cy/+ rats with PKD. Targeting the glyco-
lytic pathway may therefore present a novel therapeutic strategy to control cyst growth in poly-
cystic kidney disease.

Acknowledgments

We thank Petra Seebeck, Herbert Passmann and Svende Pfundstein from the Zurich Integra-
tive Rodent Physiology for their help with the animal work. We thank the Functional Geno-
mics Center for their technical support.

Author Contributions

Conceived and designed the experiments: MR RPW. Performed the experiments: MR DR IE.
Analyzed the data: MR. Contributed reagents/materials/analysis tools: MR SK DR IE. Wrote
the paper: MR SS RPW.

References

1.

10.

11.

12

13.

Torres VE, Harris PC, Pirson Y (2007) Autosomal dominant polycystic kidney disease. Lancet 369:
1287-1301. PMID: 17434405

Grantham JJ (2008) Clinical practice. Autosomal dominant polycystic kidney disease. N Engl J Med
359: 1477-1485. doi: 10.1056/NEJMcp0804458 PMID: 18832246

Serra AL, Poster D, Kistler AD, Krauer F, Raina S, Young J, et al. (2010) Sirolimus and kidney growth in
autosomal dominant polycystic kidney disease. N Engl J Med 363: 820—829. doi: 10.1056/
NEJMo0a0907419 PMID: 20581391

Wuthrich RP, Kistler AD, Serra AL (2010) Impact of mammalian target of rapamycin inhibition on auto-
somal-dominant polycystic kidney disease. Transplantation proceedings 42: S44—46. doi: 10.1016/j.
transproceed.2010.07.008 PMID: 21095452

Devuyst O, Torres VE (2013) Osmoregulation, vasopressin, and cAMP signaling in autosomal domi-
nant polycystic kidney disease. Current opinion in nephrology and hypertension 22: 459-470. doi: 10.
1097/MNH.0b013e3283621510 PMID: 23736843

Torres VE, Harris PC (2014) Strategies targeting cAMP signaling in the treatment of polycystic kidney
disease. Journal of the American Society of Nephrology: JASN 25: 18-32. doi: 10.1681/ASN.
2013040398 PMID: 24335972

Wauthrich RP, Mei C (2014) Pharmacological management of polycystic kidney disease. Expert opinion
on pharmacotherapy 15: 1085-1095. doi: 10.1517/14656566.2014.903923 PMID: 24673552

Rowe I, Chiaravalli M, Mannella V, Ulisse V, Quilici G, Pema M, et al. (2013) Defective glucose metabo-
lism in polycystic kidney disease identifies a new therapeutic strategy. Nat Med 19: 488—-493. doi: 10.
1038/nm.3092 PMID: 23524344

Brown JH, Bihoreau MT, Hoffmann S, Kranzlin B, Tychinskaya I, Obermuller N, et al. (2005) Missense
mutation in sterile alpha motif of novel protein SamCystin is associated with polycystic kidney disease
in (cy/+) rat. J Am Soc Nephrol 16: 3517-3526. PMID: 16207829

Guay-Woodford LM (2003) Murine models of polycystic kidney disease: molecular and therapeutic
insights. Am J Physiol Renal Physiol 285: F1034—1049. PMID: 14600027

Gretz N, Kranzlin B, Pey R, Schieren G, Bach J, Obermuller N, et al. (1996) Rat models of autosomal
dominant polycystic kidney disease. Nephrol Dial Transplant 11 Suppl 6: 46-51. PMID: 9044328
Berthier CC, Lods N, Joosten SA, van Kooten C, Leppert D, Lindberg RL, et al. (2006) Differential regu-
lation of metzincins in experimental chronic renal allograft rejection: potential markers and novel thera-
peutic targets. Kidney Int 69: 358-368. PMID: 16408127

Berthier CC, Wahl PR, Le Hir M, Marti HP, Wagner U, Rehrauer H, et al. (2008) Sirolimus ameliorates
the enhanced expression of metalloproteinases in a rat model of autosomal dominant polycystic kidney
disease. Nephrol Dial Transplant 23: 880-889. PMID: 18042615

PLOS ONE | DOI:10.1371/journal.pone.0146654 January 11,2016 15/17


http://www.ncbi.nlm.nih.gov/pubmed/17434405
http://dx.doi.org/10.1056/NEJMcp0804458
http://www.ncbi.nlm.nih.gov/pubmed/18832246
http://dx.doi.org/10.1056/NEJMoa0907419
http://dx.doi.org/10.1056/NEJMoa0907419
http://www.ncbi.nlm.nih.gov/pubmed/20581391
http://dx.doi.org/10.1016/j.transproceed.2010.07.008
http://dx.doi.org/10.1016/j.transproceed.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/21095452
http://dx.doi.org/10.1097/MNH.0b013e3283621510
http://dx.doi.org/10.1097/MNH.0b013e3283621510
http://www.ncbi.nlm.nih.gov/pubmed/23736843
http://dx.doi.org/10.1681/ASN.2013040398
http://dx.doi.org/10.1681/ASN.2013040398
http://www.ncbi.nlm.nih.gov/pubmed/24335972
http://dx.doi.org/10.1517/14656566.2014.903923
http://www.ncbi.nlm.nih.gov/pubmed/24673552
http://dx.doi.org/10.1038/nm.3092
http://dx.doi.org/10.1038/nm.3092
http://www.ncbi.nlm.nih.gov/pubmed/23524344
http://www.ncbi.nlm.nih.gov/pubmed/16207829
http://www.ncbi.nlm.nih.gov/pubmed/14600027
http://www.ncbi.nlm.nih.gov/pubmed/9044328
http://www.ncbi.nlm.nih.gov/pubmed/16408127
http://www.ncbi.nlm.nih.gov/pubmed/18042615

@’PLOS ‘ ONE

Glycolytic Inhibition in PKD

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wang X, Zhang S, Liu Y, Spichtig D, Kapoor S, Koepsell H, et al. (2013) Targeting of sodium-glucose
cotransporters with phlorizin inhibits polycystic kidney disease progression in Han:SPRD rats. Kidney
Int 84: 962-968. doi: 10.1038/ki.2013.199 PMID: 23715121

Wallace DP, Grantham JJ, Sullivan LP (1996) Chloride and fluid secretion by cultured human polycystic
kidney cells. Kidney Int 50: 1327—1336. PMID: 8887295

Center for Drug Evaluation and Research (2002) Estimating the safe starting dose in clinical trials for
therapeutics in adult healthy volunteers. US Food and Drug Administration Rockville, Maryland, USA.

Raez LE, Papadopoulos K, Ricart AD, Chiorean EG, Dipaola RS, Stein MN, et al. (2013) A phase |
dose-escalation trial of 2-deoxy-D-glucose alone or combined with docetaxel in patients with advanced
solid tumors. Cancer Chemother Pharmacol 71: 523-530. doi: 10.1007/s00280-012-2045-1 PMID:
23228990

Cairns RA, Harris IS, Mak TW (2011) Regulation of cancer cell metabolism. Nat Rev Cancer 11: 85—
95. doi: 10.1038/nrc2981 PMID: 21258394

Rowe |, Boletta A (2014) Defective metabolism in polycystic kidney disease: potential for therapy and
open questions. Nephrol Dial Transplant 29: 1480-1486. doi: 10.1093/ndt/gft521 PMID: 24459136

Chiaravalli M, Rowe |, Mannella V, Quilici G, Canu T, Bianchi V, et al. (2015) 2-Deoxy-d-Glucose Ame-
liorates PKD Progression. J Am Soc Nephrol.

Jones RG, Thompson CB (2009) Tumor suppressors and cell metabolism: a recipe for cancer growth.
Genes Dev 23: 537-548. doi: 10.1101/gad.1756509 PMID: 19270154

Vander Heiden MG, Cantley LC, Thompson CB (2009) Understanding the Warburg effect: the meta-
bolic requirements of cell proliferation. Science 324: 1029-1033. doi: 10.1126/science.1160809 PMID:
19460998

Xu RH, Pelicano H, Zhou Y, Carew JS, Feng L, Bhalla KN, et al. (2005) Inhibition of glycolysis in cancer
cells: a novel strategy to overcome drug resistance associated with mitochondrial respiratory defect
and hypoxia. Cancer Research 65:613-621. PMID: 15695406

Che R, Yuan Y, Huang S, Zhang A (2014) Mitochondrial dysfunction in the pathophysiology of renal dis-
eases. American journal of physiology Renal physiology 306: F367—-378. doi: 10.1152/ajprenal.00571.
2013 PMID: 24305473

LiQW, Lu XY, You Y, Sun H, Liu XY, Ai JZ, et al. (2012) Comparative proteomic analysis suggests that
mitochondria are involved in autosomal recessive polycystic kidney disease. Proteomics 12: 2556—
2570. doi: 10.1002/pmic.201100590 PMID: 22718539

Bernhardt WM, Wiesener MS, Weidemann A, Schmitt R, Weichert W, Lechler P, et al. (2007) Involve-
ment of hypoxia-inducible transcription factors in polycystic kidney disease. The American journal of
pathology 170: 830-842. PMID: 17322369

Buchholz B, Schley G, Faria D, Kroening S, Willam C, Schreiber R, et al. (2014) Hypoxia-inducible fac-
tor-1alpha causes renal cyst expansion through calcium-activated chloride secretion. Journal of the
American Society of Nephrology: JASN 25: 465—-474. doi: 10.1681/ASN.2013030209 PMID:
24203996

Woo D (1995) Apoptosis and loss of renal tissue in polycystic kidney diseases. N Engl J Med 333: 18—
25. PMID: 7776989

Ecder T, Melnikov VY, Stanley M, Korular D, Lucia MS, Schrier RW, et al. (2002) Caspases, Bcl-2 pro-
teins and apoptosis in autosomal-dominant polycystic kidney disease. Kidney Int 61: 1220-1230.
PMID: 11918728

Zamzami N, Susin SA, Marchetti P, Hirsch T, Gomez-Monterrey |, Castedo M, et al. (1996) Mitochon-
drial control of nuclear apoptosis. J Exp Med 183: 1533—-1544. PMID: 8666911

Esteve JM, Mompo J, Garcia de la Asuncion J, Sastre J, Asensi M, Boix J, et al. (1999) Oxidative dam-
age to mitochondrial DNA and glutathione oxidation in apoptosis: studies in vivo and in vitro. FASEB J
13: 1055—-1064. PMID: 10336888

Brown J (1962) Effects of 2-deoxyglucose on carbohydrate metablism: review of the literature and stud-
ies in the rat. Metabolism 11: 1098-1112. PMID: 13873661

Weindruch R, Keenan KP, Carney JM, Fernandes G, Feuers RJ, Floyd RA, et al. (2001) Caloric restric-
tion mimetics: metabolic interventions. J Gerontol A Biol Sci Med Sci 56 Spec No 1: 20-33. PMID:
12088209

Maher JC, Krishan A, Lampidis TJ (2004) Greater cell cycle inhibition and cytotoxicity induced by 2-
deoxy-D-glucose in tumor cells treated under hypoxic vs aerobic conditions. Cancer Chemother Phar-
macol 53: 116-122. PMID: 14605866

Maschek G, Savaraj N, Priebe W, Braunschweiger P, Hamilton K, Tidmarsh GF, et al. (2004) 2-deoxy-
D-glucose increases the efficacy of adriamycin and paclitaxel in human osteosarcoma and non-small
cell lung cancers in vivo. Cancer Research 64: 31-34. PMID: 14729604

PLOS ONE | DOI:10.1371/journal.pone.0146654 January 11,2016 16/17


http://dx.doi.org/10.1038/ki.2013.199
http://www.ncbi.nlm.nih.gov/pubmed/23715121
http://www.ncbi.nlm.nih.gov/pubmed/8887295
http://dx.doi.org/10.1007/s00280-012-2045-1
http://www.ncbi.nlm.nih.gov/pubmed/23228990
http://dx.doi.org/10.1038/nrc2981
http://www.ncbi.nlm.nih.gov/pubmed/21258394
http://dx.doi.org/10.1093/ndt/gft521
http://www.ncbi.nlm.nih.gov/pubmed/24459136
http://dx.doi.org/10.1101/gad.1756509
http://www.ncbi.nlm.nih.gov/pubmed/19270154
http://dx.doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
http://www.ncbi.nlm.nih.gov/pubmed/15695406
http://dx.doi.org/10.1152/ajprenal.00571.2013
http://dx.doi.org/10.1152/ajprenal.00571.2013
http://www.ncbi.nlm.nih.gov/pubmed/24305473
http://dx.doi.org/10.1002/pmic.201100590
http://www.ncbi.nlm.nih.gov/pubmed/22718539
http://www.ncbi.nlm.nih.gov/pubmed/17322369
http://dx.doi.org/10.1681/ASN.2013030209
http://www.ncbi.nlm.nih.gov/pubmed/24203996
http://www.ncbi.nlm.nih.gov/pubmed/7776989
http://www.ncbi.nlm.nih.gov/pubmed/11918728
http://www.ncbi.nlm.nih.gov/pubmed/8666911
http://www.ncbi.nlm.nih.gov/pubmed/10336888
http://www.ncbi.nlm.nih.gov/pubmed/13873661
http://www.ncbi.nlm.nih.gov/pubmed/12088209
http://www.ncbi.nlm.nih.gov/pubmed/14605866
http://www.ncbi.nlm.nih.gov/pubmed/14729604

@.PLOS ‘ ONE Glycolytic Inhibition in PKD

36. Singh D, Banerji AK, Dwarakanath BS, Tripathi RP, Gupta JP, Mathew TL, et al. (2005) Optimizing can-
cer radiotherapy with 2-deoxy-d-glucose dose escalation studies in patients with glioblastoma multi-
forme. Strahlenther Onkol 181: 507-514. PMID: 16044218

37. Mohanti BK, Rath GK, Anantha N, Kannan V, Das BS, Chandramouli BA, et al. (1996) Improving can-
cer radiotherapy with 2-deoxy-D-glucose: phase I/l clinical trials on human cerebral gliomas. Int J
Radiat Oncol Biol Phys 35: 103—-111. PMID: 8641905

38. Hardie DG (2008) AMPK and Raptor: matching cell growth to energy supply. Molecular cell 30: 263—
265. doi: 10.1016/j.molcel.2008.04.012 PMID: 18471972

39. Ma XM, Blenis J (2009) Molecular mechanisms of mMTOR-mediated translational control. Nature
reviews Molecular cell biology 10: 307-318. doi: 10.1038/nrm2672 PMID: 19339977

PLOS ONE | DOI:10.1371/journal.pone.0146654 January 11,2016 17/17


http://www.ncbi.nlm.nih.gov/pubmed/16044218
http://www.ncbi.nlm.nih.gov/pubmed/8641905
http://dx.doi.org/10.1016/j.molcel.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18471972
http://dx.doi.org/10.1038/nrm2672
http://www.ncbi.nlm.nih.gov/pubmed/19339977

